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J Dihadron correlations
= large surface bias
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Stucjg energy loss with hard Probes

d High p; single hadrons

1 Dihadron correlations
= large surface bias

= relatively easy to measure
experimentally

" poor calibration of the
scattered parton energy
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d Ditect photons

Do not interact strongly with medium

Yield at high p dominated by hard processes

O v, h correlation measurement

No trigger surface bias

Trigger photon p - most direct measure of
the initial parton energy

Important complement to other jet
measurement
* different path length dependence

* different relative contribution from quark vs

gluon jets
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» (How) are jets affected by the

medium and/ot vice versar
% Where does the lost encrgy go?
» How do jets fragment?

» Are jets modified in small systems?
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O Directly measure the
modification of recoil jet
fragmentation function

O Important to understand in-
medium energy loss mechanism

» How do jets fragment?
» Are jets modified in small

O Constrain models in explaining
soft particle production

.

+Au

Recent y-h* results in a set of different collision
systems measured in PHENIX
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» (How) are jets affected by the
medium and/ot vice versar
% Where does the lost encrgy go?

» How do jets fragment?
» Are jets modified in small

O Directly measure the
modification of recoil jet
fragmentation function

O Important to understand in-
medium energy loss mechanism

systems?

O Constrain models in explaining
soft particle production

» 2
Au+Au d+Au

U Probe cold nuclear matter effect

O Test of initial state energy loss
hypothesis

Recent y-h* results in a set of different collision
systems measured in PHENIX
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» (How) are jets affected by the
medium and/ot vice versar
% Where does the lost encrgy go?
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» How do jets fragments
» Are jets modified in small systems?

O Directly measure the
modification of recoil jet
fragmentation function

O Important to understand in-
medium energy loss mechanism
O  Constrain models in explaining < Baseline measurement to
. - compare with HI case
soft particle production T
L Test of QCD factorization

: \ @ breaking
Au+Au) d+Au . \Bﬂ;

U Probe cold nuclear matter effect

O Test of initial state energy loss
hypothesis

Recent y-h* results in a set of different collision
systems measured in PHENIX
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» (How) are jets affected by the
medium and/ot vice versar
% Where does the lost encrgy go?

1 ?
» How do jets fragments
» Are jets modified in small systems?

O Directly measure the
modification of recoil jet
fragmentation function

O Important to understand in-
medium energy loss mechanism

d Constrain models in explaining O Bascline méasurement to
- - compare with HI case
soft particle production T
L Test of QCD factorization

breaking

.

P > -
Au+Au) dkAu)  pep p@ p

U Probe cold nuclear matter effect

O Test CNM effect

O Explore dependence on collision
system sizes

O Test of initial state energy loss
hypothesis

Recent y-h* results in a set of different collision
systems measured in PHENIX




Measure Ydir"h 13 FH‘iN]X ?ixperimenta] Setup

Electromagnetic Calorimeters

2011 PHENIX Detector
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/ PC2 Magnet
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O Central arm acceptance: |n| < 0.35, Ap — 2 x 90°
O Electromagnetic Calorimeter: measure photons
and m° merging effect minimal up to ~15 GeV A(p Y
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Measure Yclir~h 13 FH

Background sources:

" Particles from two unrelated jets

Jet pair yield

Jet pair yield

Two non-jet particles

2-source model
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p+p/d+Au
ZYAM subtraction
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Ad (rad)

Thear

Au+Au:
Absolute Normalization

Underlying Event =

Combinatorial Bknd +
Elliptic Flow (Abs. Norm.)

A¢ (rad)

One jet-particle and one non-jet particle

= NIX:

— xtract Jet Signals

Combinatorial pairs
that are not associated

with the same jet of the
same hard scattering

1

dN7Y—h

Ny,

’J’"Lg

iag =Y (29)

) Per-trigger yield
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Measure Y&“;-l’l 13 F]"PiN]X I xtract Ydir~h

Subtract Ydecay from Y.

inclusive

to get Yy, ... using statistical subtraction
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Measure Yclir~h N FH]:;N]X 1

ixtract Y dir~h

Y oo 1et ¢ Fhotons @ NLO
0 NLO effects Dy pp ? 7 )
Q 'In p—l-‘p, d—I—A-u and P+A collisions, decay photon tagging and an . .
1solation cut is applied event-by-event d
* Improve signal-to-background
"  Reduce non-prompt photons > 2 q
* Improve uncertainties q
d Remaining decay photons get removed by a statistical subtraction
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Measure Ydir"h in Au+Au
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Measure Ydir"h in Au+Au

Enhancement
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« Away-side yield modification in Au+Au



ow do things look in d+Au?
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Measurejct Fragmentation function

h
. | 1 dN(z,)
Y jet Pr D — L = In(1
Pr = Pr Zr = = ,(27) = = In(1l/Z
p; Nevt dZT
vy — T T 1 't Tt T v | T T T T [ T T T T YAA DAA(ZT)
2 o1 5.0<p:_<9.0 GeVch0.5<p:’_<7.0 GeVic = Ian = v ~ D (z )
> E o - 1] < /2 et =, - pp ppA\~T
%o T m<035 .4 at® .
210 e O+ prpld+Au/AurAu - v +h+X = Modification in Au+Au!
= 200 GeV = .
- ¢ @ 31 Suppression in low & and
joz | P + d+Au 0-100% R__ < 0.4 (5-0.05) _ o
= o EN e Au+Au 0-40% (2007+2010+2011) s enhancement in high §
N preliminary O p+p R_ < 0.4 (PRD82,072001) (§-0.1) .
73 1 I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 . . .
1075 0.5 1 15 2 25 : Transition from suppression
Z , | _  to enhancement at § " 1
= 18E ® AutAu0-40% (2007+2010+2011) 3
= 165 # d+Au0-100% R_, < 0.4 (5-0.05) + + =
14E- + E
12 1 = In d+Au, no significant
o oE + f +t ; i = modification
0.6 3
04FE- ¢ =
02 — = Yia
O 05" 3 15 2 25 = dA ~ y
E_' DD “‘ .,



IAA

\Where does the transition occur?
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Transition from suppression to relative enhancement:
& ~ 1.2 at RHIC?
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2.5

1.5

0.5

Transition from suppression to relative enhancement:
PTassoc ~ 3 GeV/c at LHC

\Where does the transition occur?
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pT,assoc = ? at RHIC

Are we seeing a redistribution of energy
within the jet or medium response?
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\Where does the transition occur?
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Mixed &
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Does not look like fixed &

For enhancement vs p+p:
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th—:re does the lost energy go7
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th—:re does the lost energy go7
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Where does the lost energy go7

Soft particles enhanced at high
& compared to low &

AA

Effect most visible for softest
jets and full away-side
integration range

Are we seeing the medium
response to the jet?

IAA

0.12

1.6 <& ¥ 2. ‘

—
PH ENIX

preliminary

+

IAA

.-
-o-
-

2.5

1.5

0.5

= 0-40%Au+Au@(S=200GeV 5 <P <7GeVicx05<pl<7GeVic
= (2007+2010+2011 =
= ( ) o JAD=m|<m2 I
= m|AO=-T| <3 _F
= ﬂ A A0 -TT| <6 I
= %l -p } e
— e —
= e L PHUENX  —
= E preliminary =
0 DI.5 — "I — 1|.5 — 2| — 215 — g
— ' 7<pl<9GeVicx05<p’<7GeVic =
= j{m @E [l l; 3
= EJ =
= 7 e p =
= C] oLl i E
- d 015 1 1I.5 2 2:5 E
= | 9 < p/ <12 GeV/c x 0.5 < p < 7 GeVic ]
0 o5 1 15 2 25 g

Particle yields enhanced at larger angle
with respect to the away-side jet axis.
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K inematic dependence of enhancement

==

asure harder jets
with LHC energy
[

5 6 7 8 9 10 11 12
pi [GeVic]

Al I | T T T ‘ T T 7 | I T T 1 | T T T ‘ T T 7 | I T T 1 | T T 7 I 17

70 0-40% Au+Au @ s = 200 GeV (2007+2010+2011) =

-~ 0.5<ph<7GeVic -

6 o NO-m|<m2

5:_ = Ap -7 <m/3  —

N o ; s JAG - | < /6 ;

BT A -

- - SN ]

3. 35 } PHENIX

- = = + preliminary _ -
I

‘TI‘II\I

0 Relative enhancement show p; dependence
O Softer jets: more broadened ->particles produced from jet-induced medium excitations?

O Harder jets: more collimated ->particles more correlated with the jet?
— Consistent with observation of minimal jet shape modification at LHC
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IAA

2.5

1.5

0.5

2.5

Comparisons to theorg

0.6 Zr 0.4

0.2

1 0.8
I

0-40% Au + Au @ s = 200 GeV

(2007+2010+2011)

|Ad - | < /2

—_
PH:-<ENIX
preliminary

e 5<p <7GeVic

——  ColLBT_Hydro, 5< p: <7 GeVic

0-40% Au + Au @ s = 200 GeV

(2007+2010+2011)

JAG - | < mi2

n 7<p1<9GeWc

|
1]

|I|||‘|||| I\II‘IIII‘IIII‘I

CoLBT_Hydro, 7 < pTT < 9 GeVic
— - BW-MLLA in medium Ela'l =7 GeV
i i L 1 n i

Linear Boltzmann Transport

- kinetic description of parton
propagation

- hydro description of medium
evolution

- track thermal recoil partons &
their further interactions in medium

Jet transport in medium ~+ jet induced
medinm excitations

- He, Luo, Wang and Zhu, arXiv: 1503.03313v2
(2015)

- He, Luo, Wang and Zhu, arXiv:1503.0331;

Ao o bbb b b

= 0-40% Au + Au @ IS = 200 GeV A 9<p <12GeVic

:_ (2007+2010+2011)

—  |A¢-n| <2

= + 1 /+/_+’— Modified I.eading log

= [ i . . - -

=5 l % Approximation

= CoLBT_Hycro, 3 < ) <12 GeVic Modeling the energy loss in the medinm as
0 05 — 5 2 a5 an increased parton splitting probability

E=In (1/z)) 15

Transition not at fixed &

- Borghini and Wiedemann, arXiv: hep-
ph/0506218 (2005)



Ydir~h in p+p and P+A

0.5 ] p+p at V=510 Gev |01 O Isolated Direct y-h* |
ni<0.35 O =%-n
8<p}rﬁ9<9 GeVic |01 1 | - Underlying Event

1< p:”°°<2 GeVl/cA

New measurement
> p+patys =510 GeV (2013)
> p+Auat+s =200 GeV (2015) § .

8<p:fi9<9 GeVic | ] 3<p:fi9<g GeVic
5<p:“°‘<1 0 GeVic

3<p=><4 GeVic]|

:E; T | p+p PHENIX

0.1 i

9<p <12 GeVic
3<p:55°°<4 GeVic

9<p‘T"°<12 GeVic
1<p:55°‘<2 GeVic

9<p| °<12 GeVic
5<p:55°°<1 0 GeVic

d 7%h near-side yields larger

e . )~ .
than the away-side yields Yoot s oy s
—> trigger bias
. 0022: sii:ig<t7®1<_2_?§;°;<iGercz 0022: 5<ptT”g<7®2<p?SSOC<5 GeV/c:
D FOI the same thﬁg, larger 0.15 e Een?r:lit)%;% © _ 015 ° Isﬁols:ted Direct y-h™ _
. . 01 n|<0.35 ol o o bt |
associated yields observed oI oL - Underlying Event

in 1%-h compared to y,,-h

‘T'_' 0.25r~ : trig : Iassoc I -
. o | 7<p. <9®2<p""<6 GeVic |
- 1’ triggers sample larger g o o TR S
. . = 15 +E -
jet energy than direct gl2 01 preliminary |
photons. Iz :

I3
025i Iﬁ I trig I I I —
: 9<p_ <12®2<pf‘5°°<6 GeVic

vai-h points below Ap < 1 rad are not shown,

due to the photon isolation cut on the near-side.

Ad [rad] A¢ [rad] . 17 :
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Pr

PR
-

trig

direct photon pp.

Do = PTa*s°¢ sinA¢p

Nearly back-to-back two particle angular
correlations give sensitivity to initial- and final-
state transverse momentum k; and j;

= ht n0-h= 9 [GeV/
‘T 10E  pepat (5=510 GeV R Ty (s
%, 1 In<0.35 O 56(x10)
O, 10 2 4n 0 67 (x10?
e o S<AO<TF 7-8 (x10%)
Z| _210 assoCo 4N o/~ F R v V 89(x10%
Ilg” ", 0.7<p™°°<10 GeVic J # ¢ 0 942(x10%)
" 10 Il 12415 (x109)
‘_|f 104 E PHENIX/ o7, -
10° 5 o7 . ;
10° Y By T
107 “ >~ L o
108 AR TN vy L
™ = Py / AL S e ==
10—11 g ';i"' Geerty L MAENREA 0y oy W “‘1 L 5%y ‘:FV'?"'L
-8 -6 -4 -2 0 2 4 6 8
- [GeVic]

Phys. Rev. D 95, 072002 (2017)

Perturbative transverse-momentum-
dependent (TMD) evolution, which
comes directly from the generalized
TMD QCD factorization theorem,
predicts increasing momentum widths
with hard scale of interaction.

LT
. *

RLLEN
agn®

* .
®ann®



Ydir~h in p+p and P+A

~asSsoC

Pr

PR
-

direct photon pir®

Do = PTa*s°¢ sinA¢p

—0.65
gt _ht trif o .
1 Inl<0.35 O 56 (xi0) x e ;Slr PHENIX -
5 O 67(x10%) = — n%-h* Linear Fit
5 O F  Feaed 7-8 (x10%) < 06 v Linear Fit B
Q-0 10 0.7<p:-ssoc<1o GeVic VvV 89 (x10 -)5 o 0.7< passoc<1o GeVlc
© 3 W O 912 (x107) ; - T ]
' 10 1215 (x10%) p In|<0.35
s 4 PHENIX - : —
= 10 S 0.55 p+p at 's=510 GeV
10° b
10° 3
107 © 0.5
108 %
10° & 7
1010 E L . 0.45
=0 4 27 . 7 TR ;
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Ydir~h in p+p and P+A

Bom|
‘‘‘‘‘‘ _—
..... \ Ag

D L A v R I

Pou = DT sinld

direct photon pj.'®

~asSsoC

Pr

4 p,,, nonperturbative momentum widths vs p,,
= decreasing widths observed as p;™ increases

" factorization breaking?

L -ht 0-h" P
S 10 p+p at s=510 GeV ot 2
® 1 In|<0.35 O 56 (x10%
O, 1ot 2r 4n 0 67 (x10?
Z-_- il Llepp<E 7-8 (x10j)
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Phys. Rev. D 95, 072002 (2017)

Gaussian Width [@
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ixPlore centralitg dependence 13 P+A

d In pt+Au collisions, centrality dependence of the Gaussian widths as a
function of p;"¢ in n’-h measurement is observed.

d Centrality dependence is also present in p+Al collisions - not as strong

as in pF+Au.

[ Effects from k; broadening? Multiple scattering?

'6‘ [ T | T | | T | T | ]
ﬁ 0.65 n-h* ® 0-20% p+Au at |[s,,=200 GeV
Q- 20-60% :3.|7Ep3355°c<6 GeVic
r m|<0. -
N -84%
5 0.6— * o084 Fit Range: [-1.1,1.1] GeV/c_|
= _ e |
.g 0.55—‘{\& —# L N a
@B i e |
(0 0.5 - ) 1 ]
[ _"‘\(‘__ “\“*x . L —
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0.45— preliminary ~_ —
o4 1| I TR S
4 6 8 10 12 trig 14
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Gaussian Width [GeV/c]
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+ +Au 0-20%
08—  pHIENIX nl-h® *P -
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- p+Al 0-20%
p+Al 60-72%
0.7 8 o B
= ] +
0.6/ i |
n]<0.35 "
- 1 <_p:33°‘3<6 GeV/c + ; .
05 \'syn=200 GeV B
Fit Range: [-1.25,1.25] GeV/c ]
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5ummarg

Modification to effective fragmentation function is observed
in Aut+Au collisions using y4....-h correlation measurement.

Variation of away-side integration range suggests low p jet
broadening in addition to enhancement at low py,.

Results from higher statistics in Au+Au hint that the away-
side jet modification is due to medium response.

In d+Au collisions, no significant modification to yield 1s
observed, suggesting minimal CNM effect.

p+p collisions at 510 GeV — effects due to factorization
breaking of nonperturbative functions?

n’-h correlations in p+A collisions show centrality
dependence of the nonperturbative widths. Interpretations
ongoing!
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5ummar9

Modification to effective fragmentation function is observed
in Aut+Au collisions using y4....-h correlation measurement.

Variation of away-side integration range suggests low p jet
broadening in addition to enhancement at low py.

Results from higher statistics in Au+Au hint that the away-
side jet modification is due to medium response.

In d+Au collisions, no significant modification to yield 1s
observed, suggesting minimal CNM effect.

p+p collisions at 510 GeV — effects due to factorization
breaking of nonperturbative functions?

n’-h correlations in p+A collisions show centrality
dependence of the nonperturbative widths. Interpretations

ongoing Thank gou!
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